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ABSTRACT Growth/differentiation factor 1 (GDF-1) is a
recently described member of the transforming growth factor
(3 superfamily isolated from a day-8.5 mouse embryo cDNA
library. Northern (RNA) analysis of embryonic mRNA de-
tected two GDF-1 transcripts [1.4 kilobases (kb) and 3.0 kb in
length] displaying distinct temporal patterns of expression.
Only the 3.0-kb transcript was detected in adult tissues, where
its expression was restricted almost exclusively to the central
nervous system. Comparison of murine and human brain
cDNA sequences corresponding to the 3.0-kb transcript re-
vealed high conservation of two nonoverlapping open reading
frames with poor conservation of the intervening spacer region
and the putative 5' and 3' untranslated sequences. By lmmu-
nohistochemical analysis, the protein encoded by the down-
stream open reading frame (GDF-1) was detected exclusively in
the brain, spinal cord, and peripheral nerves in day-14.5 mouse
embryos. The upstream open reading frame encodes a protein
of unknown function containing multiple putative membrane-
spanning domains. These findings raise the possibility that this
mRNA may give rise to two different proteins.

The transforming growth factor 3 (TGF-,S) superfamily en-
compasses a group of proteins likely to play critical roles in
regulating differentiation events during embryonic develop-
ment. Among the known members, for example, are Mulle-
rian inhibiting substance (MIS), which appears to be required
for normal male sex development (1-3); the Drosophila
decapentaplegic gene product, which is required for normal
dorsal-ventral axis formation and for morphogenesis of the
imaginal disks (4); the activins, which can induce the forma-
tion of mesoderm and anterior structures in Xenopus em-
bryos (5-9); and the bone morphogenetic proteins, which are
capable of inducing de novo cartilage and bone formation
(10-12). To identify other extracellular factors that may be
essential for mammalian embryonic development, I have
been screening mouse embryo cDNA libraries with oligonu-
cleotides corresponding to conserved regions among the
known TGF-,j family members. I previously reported the
isolation of an additional TGF-,8 family member [designated
growth/differentiation factor 1 (GDF-1)] from a day-8.5
mouse embryo cDNA library (13). Here I report the charac-
terization of GDF-1 expression during embryogenesis and in
adult tissues.* The data presented here suggest that GDF-1 is
expressed specifically in the nervous system, where the
GDF-1 mRNA contains an unusual bicistronic structure.

MATERIALS AND METHODS
RNA Isolation, cDNA Libraries, and Hybridizations. All

embryonic materials were obtained from random matings of
CD-1 mice (Charles River Breeding Laboratories). RNA
isolation and Northern (RNA) analysis were done as de-
scribed (13). Oligo(dT)-primed and random hexanucleotide-
primed murine brain cDNA libraries were prepared in the

lambda ZAP II vector (Stratagene), according to the instruc-
tions provided by Stratagene and Amersham, respectively.
Human adult cerebellum and human fetal brain (17 to 18 week
abortus) cDNA libraries were purchased from Stratagene.
DNA filters were hybridized as described (13), except that
filters hybridized with probes from the homologous species
were subjected to a final wash in 0.2x standard saline citrate
(SSC) (lx SSC is 0.15 M sodium chloride/0.015 M sodium
citrate, pH 7) at 680C. DNA sequencing of both strands was
done with the dideoxynucleotide chain-termination method
(14), using the exonuclease III/Si nuclease strategy (15).
Immunobistochemistry. For antibody production, the

GDF-1-coding sequence spanning amino acids 13-217 was
cloned into the T7-based expression vector pET3a (provided
by F. W. Studier, Brookhaven National Laboratory), and the
resulting plasmid was transformed into the BL21 (DE3)
bacterial strain. Total cell extracts from isopropyl P-D-
thiogalactoside-induced cells were electrophoresed on SDS/
polyacrylamide gels, and GDF-1 protein was excised, mixed
with Freund's adjuvant, and used to immunize rabbits. All
immunization procedures were done by Spring Valley Lab,
Sykesville, MD. Embryos were fixed in 4% paraformalde-
hyde and embedded in paraffin. Eight-micron sections were
incubated with either immune or preimmune serum (1:500
dilution), and sites of antibody binding were detected by
using the Vectastain method, according to the instructions
provided by Vector Laboratories.

RESULTS AND DISCUSSION
Expression of GDF-1 mRNA. To begin to characterize the

pattern of GDF-1 expression during mouse embryogenesis,
Northern analysis was carried out using poly(A)-selected
RNA prepared from whole embryos isolated at various
gestational ages. The GDF-1 probe detected two mRNA
species displaying distinct temporal patterns of expression
(Fig. 1A). One mRNA species, 1.4 kilobases (kb) in length,
was present at days 8.5 and 9.5 but disappeared by day 10.5.
The second mRNA species, 3.0 kb in length, appeared at day
9.5 and persisted throughout embryogenesis. The previously
reported GDF-1 cDNA sequence is likely to correspond to
the 1.4kb mRNA species because only the 1.4-kb species
could be detected in the day-8.5 sample, from which the
original cDNA library had been prepared.
To determine the spatial pattern of GDF-1 expression in

adult animals, Northern analysis was carried out using poly-
(A)-selected RNA prepared from a variety of mouse tissues.
The GDF-1 probe detected a single 3.0-kb mRNA species
expressed almost exclusively in the brain (Fig. 11?). On longer
exposures of the same blot significantly lower, though de-
tectable, levels were seen in the ovary, oviduct, and adrenal

Abbreviations: GDF-1, growth/differentiation factor 1; TGF-P,
transforming growth factor (3; ORF, open reading frame; UOG,
upstream of GDF-1; hUOG-1 and mUOG-1, human and murine
UOG, respectively; nt, nucleotide(s).
*The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M62301 for the murine GDF-1
sequence and M62302 for the human GDF-1 sequence).
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FIG. 1. Expression of GDF-1 mRNA in mouse embryos and tissues. Two micrograms of twice poly(A)-selected mRNA (A and C) or 5 ,ug
of once poly(A)-selected mRNA (B) was electrophoresed, blotted, and probed with the 1.4-kb GDF-1 cDNA. d, Day. In A, RNA was prepared
from whole CD-1 mouse embryos isolated at the indicated days of gestation. Assignment of the band sizes was based on mobilities of RNA
standards.

gland (data not shown). No band corresponding to the 1.4-kb
species was detected in any of these tissues. The 3.0-kb
species was also detected in adult spinal cord, cerebellum,
and brain stem as well as in fetal brains isolated at various
developmental stages (Fig. 1C). Hence, the expression of the
3.0-kb mRNA appears widespread in the central nervous
system.

Nucleotide Sequence of the Larger GDF-1 Transcript. To
determine whether the 3.0-kb band represents an alternate
transcript derived from the GDF-1-encoding gene or a tran-
script derived from a different gene homologous to GDF-1,
several cDNA libraries [oligo(dT) and random primed] were
constructed from poly(A)-selected adult mouse brain mRNA
and screened with the 1.4-kb GDF-1 probe. Fourteen hybrid-
izing cDNA clones were isolated, and these could be aligned
within a region spanning 2.7 kb based on partial nucleotide
sequence analysis of the ends of the clones (Fig. 2A). The
complete 2.7-kb cDNA sequence, obtained by determining
the entire nucleotide sequence of clones mBr-1, mBr-2, and
mBr-7, is shown in Fig. 3A. Sequence comparison showed
that the previously reported 1.4-kb sequence was essentially
fully contained within the 2.7-kb sequence [from nucleotides
(nt) 1311-2687]. Within this region, the sequence derived

A
mBr-i
mBr-2
mBr-3
mBr-4
mBr-5
mBr-6
m Br-7
m Br-8
mBr-9
mBr-10
mBr-1 1
mBr-1 2
mBr-13
mBr-14

B
hBr-1
h Br-2
hBr-3
h Br-4
hBr-5
hBr-6
hBr-7
h Br-8

mUOG-1 mGDF-1

hUOG-1 hGDF-1

FIG. 2. Schematic representation of clones isolated from murine
(A) or human (B) brain cDNA libraries. Locations of the UOG-1 and
GDF-1 open reading frames (ORFs) are shown by the solid and
stippled boxes, respectively. All clones were oriented and aligned by
determining the sequences at both ends.

from clones mBr-2 and mBr-7 contained three nucleotide
differences compared with the sequence derived from a
day-8.5 embryo cDNA clone. One of these differences re-
sulted in a change in the predicted amino acid sequence
(cysteine to serine at codon 145). Limited nucleotide se-
quence analysis of multiple cDNA clones revealed that both
classes of sequences were present both in day-8.5 embryos,
where only the 1.4-kb mRNA species could be detected, and
in the adult brain, where only the 3.0-kb mRNA species could
be detected. Whether these sequence differences represent
different alleles or two different genes is not known. How-
ever, Southern analysis with a probe derived from the
GDF-1-coding sequence detected a single band at high strin-
gency in three different digests of murine genomic DNA (Fig.
4).
Upstream ofthe GDF-1-coding region, the 2.7-kb sequence

contained an additional 1310 base pairs (bp) not present in the
1.4-kb sequence, leaving a total of 1527 bp upstream of the
initiating codon for GDF-1. Northern analysis ofthe identical
RNA samples shown in Fig. 1 A, B, and C using this upstream
sequence as a probe detected only a single 3.0-kb mRNA with
the same distribution as that detected with the GDF-1-coding
sequence probe (data not shown). Unexpectedly, within this
upstream region was a second long ORF beginning with a
putative initiating methionine codon at nt 74, extending for
350 codons, and terminating 404 nt upstream of the GDF-1-
initiating ATG. For simplicity, this second ORF will be
hereafter referred to as murine UOG-1 (upstream of GDF-1)
(mUOG-1). Because of the multiple stop codons in the region
between mUOG-1 and murine GDF-1, at least four frame-
shifts would be required to translate the two ORFs as a single
protein. A search of the National Biomedical Research
Foundation and GenBank sequence data bases with the
predicted mUOG-1 amino acid sequence and with the entire
upstream nucleotide sequence, respectively, revealed no
significant homologies with known sequences. However,
hydropathicity analysis of the predicted mUOG-1 amino acid
sequence revealed multiple clusters ofhydrophobic residues,
reminiscent of membrane-spanning domains (Fig. 5}. Partic-
ularly striking is the most distal of these clusters, which is
immediately followed by a highly charged C-terminal region.
Like certain other proteins with multiple membrane-spanning
domains (for example, see ref. 17), mUOG-1 does not contain
an obvious N-terminal signal sequence.

Expression of GDF-1 Protein from the Larger Transcript.
To determine whether GDF-1 is translated from the 3.0-kb
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FIG. 3. Nucleotide sequences of murine (A) and human (B) cDNAs encoding UOG-1 and GDF-1. The specific clones sequenced to assemble

the complete sequences shown are described in text. Numbers indicate nucleotide position relative to the 5' end. Predicted amino acid sequences

of UOG-1 and GDF-1 are shown below.

transcript, immunohistochemical analysis of day-14.5 mouse

embryo sections was done by using antibodies prepared
against bacterially produced GDF-1 protein. To avoid pos-

sible cross-reactivity with other members of the TGF-p8
superfamily, these antibodies were directed against the

N-terminal pro- region of GDF-1. The antibodies detected
GDF-1 protein exclusively in the developing brain, spinal

cord, and peripheral nerves (Fig. 6). Within these tissues, the

staining was restricted to the regions containing postmitotic
neurons. Whether the staining reflects sites of GDF-1 syn-

thesis or target sites for GDF-1 (or both) is not known. In

either case, because Northern analysis of RNA prepared

from whole day-14.5 embryos as well as from day-14.5 fetal

brain detected only a single 3.0-kb transcript (Fig. 1 A and C),

these data indicate that GDF-1 protein is translated from this

larger transcript.
Sequence of Human GDF-1. To look for conserved regions

in the GDF-1 mRNA and protein sequences, cDNAs encod-

ing human GDF-1 were isolated by using the murine GDF-1

probe. Eight hybridizing clones were isolated from screening
human adult cerebellum [oligo(dT)-primed] and fetal brain

[oligo(dT)/random hexanucleotide-primed] cDNA libraries
(Fig. 2B). Fig. 3B shows the 2510-bp human cDNA sequence

obtained by determining the entire nucleotide sequence of

clone hBr-5 and the 5'-most 400 nt of clones hBr-6, hBr-7, and

hBr-8. The 3' half of the sequence contains a long ORF

beginning with an ATG codon at nt 1347 and potentially

encoding a 372-amino acid protein, the sequence of which is

homologous to murine GDF-1 (Fig. 7A). Like the murine

GDF-1 sequence, the human sequence contains a pair of

basic residues (Arg-Arg) at amino acids 252 and 253, which

presumably represents a site for proteolytic processing. After

the predicted cleavage site, the sequence contains all of the

invariant and most of the highly conserved amino acids

characteristic of all members of the TGF-/3 superfamily,
including the seven cysteine residues. The murine GDF-1
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FIG. 4. Genomic Southern analysis ofGDF-1. Ten micrograms of
genomic DNA isolated from BNL cells (murine) or BeWo cells
(human) was digested with HindIII (H), BamHI (B), or EcoRI (R),

electrophoresed, blotted, and probed with the entire murine or
human GDF-1-coding sequences. Numbers at left indicate sizes of
standards in kb.

sequence and the human sequence are 87% identical in the
region beginning with the first conserved cysteine and ex-
tending to the C terminus and 69% identical throughout the
entire length of the protein. Because other members of the
TGF-,3 superfamily show a much higher degree of sequence
conservation across species (for example, see ref. 18), ge-
nomic Southern analysis was done to determine whether the
murine and human sequences represent the same gene. As
shown in Fig. 4, both murine and human probes derived from
the GDF-1 ORF hybridized to the same pattern of bands in
human DNA, suggesting that the human gene is, indeed, the
homolog of murine GDF-1.

Conservation of a Bicstronc Strcture. Like the murine se-
quence, the human sequence also contains a second long ORF,
potentially encoding 350 amino acids in the region upstream of
the GDF-1-coding sequence. An alignment ofthis upstream ORF
(hUOG-1) with that present in the murine sequence showed that
the upstream ORF is even more highly conserved than that for
GDF-1 (Fig. 7B), with the overall amino acid sequence identity
between mUOG-1 and hUOG-1 being 81% [although the ORFs
for both mUOG-1 and hUOG-1 extend upstream of the putative
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FIG. 5. Hydropathicity profile of mUOG-1. Average hydropho-
bicity values were calculated using the method of Kyte and Doolittle
(16) with a window of 21. Positive numbers indicate increasing
hydrophobicity.

FIG. 6. Immunolocalization ofGDF-1 protein in mouse embryos.
Sections of day-14.5 mouse embryos were stained with hematoxylin
and eosin (a and d) or incubated with anti-GDF-1 (b and e) or
preimmune (c and f) serum and analyzed using the Vectastain
method. (d, e, andf) Higher magnifications of specific regions of the
embryos shown in a, b, and c, respectively. B, brain; SC, spinal cord;
H, heart; Li, liver; and Lu, lung; and PN, peripheral nerves.

initiating methionine to the very 5' ends of the sequences, two
lines of reasoning suggest that these may be the true initiation
codons: (i) multiple cDNAs primed by random hexanucleotides
at various distances from the 3' end terminated very close to the
5' ends of both the murine and human sequences (Fig. 2); (ii) as
discussed below, the murine and human sequences show much
less conservation upstream of the putative initiation codon for
UOG-1 than in the coding sequence itself].

In contrast to the high degree ofconservation seen between
mUOG-1 and hUOG-1 and between murine GDF-1 and
human GDF-1, the intervening spacer region and the putative
5' and 3' untranslated regions show much less similarity
between murine and human sequences. This selective con-
servation ofthe two ORFs is most clearly evident in a DIAGON
plot comparing the murine and human nucleotide sequences
(Fig. 8). The two sequences begin to diverge in the interven-
ing spacer region precisely after the stop codons for UOG-1
and in the 3'-untranslated region 2 nt after the stop codons for
GDF-1. Moreover, the intervening spacer region in the
murine sequence is 401 nt in length, whereas the correspond-
ing region in the human sequence is only 269 nt in length. The
conservation of the amino acid sequence of UOG-1 is also
evident in the nonrandom pattern of nucleotide differences
between the murine and human sequences spanning the
UOG-1 ORFs. Of the 209-nt differences in this region, 57
represent first-position differences, 29 represent second-
position differences, and 123 represent third-position differ-
ences; of the 123 third-position differences, 89 do not result
in differences in the predicted amino acid sequence.
The data presented here suggest that two proteins, UOG-1

and GDF-1, are encoded by a single mRNA molecule. The
selective conservation of the two ORFs in the murine and
human sequences suggests that both proteins are synthesized
in vivo. Although the immunohistochemical data indicate that
the downstream ORF (GDF-1) is translated from this mRNA,
further experiments will be required to show that the up-
stream ORF (UOG-1) is translated. To my knowledge, this
type of bicistronic organization is unprecedented among
mammalian cellular mRNAs. However, polycistronic
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FIG. 7. Alignment of murine and human sequences. Alignment of murine GDF-1 with human GDF-1 (A) or mUOG-1 with hUOG-1 (B) were
done with the SEQHP local homology program. Numbers indicate amino acid number relative to the N terminus of each protein. Dashes denote
gaps introduced to maximize alignment. The seven invariant cysteines in the GDF-1 sequences are shaded. The predicted dibasic cleavage sites
are boxed. The box at position 145 in the mGDF-1 sequence shows the alternative amino acids at this position for the two classes of cDNA
clones isolated (see text).

mRNAs in prokaryotes often encode proteins carrying out
related biological functions. Therefore, it seems reasonable
to hypothesize that UOG-1 and GDF-1 may also functionally
interact. From the known properties of the other members of
the TGF-f3 superfamily, GDF-1 is likely to be an extracellular
factor mediating cell-differentiation events. The hydropathic-
ity analysis suggests that UOG-1 may be a transmembrane
protein. It is tempting to speculate that UOG-1 may be a
receptor-perhaps a receptor for GDF-1 itself.
GDF-1 is unusual among TGF-,8 family members in its

specificity for the nervous system. This expression pattern of
GDF-1 taken together with the demonstration that another
TGF-f3 family member-namely, activin A-can promote
neuronal survival (19) suggests that this family of extracel-
lular signaling factors may play a more general role in the
maintenance and function of the nervous system than has
been previously appreciated. Finally, the sequence homol-
ogy between GDF-1 and the other inducing molecules of the
TGF-f3 superfamily raises the possibility that GDF-1 may
play an inductive role in neural development.
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FIG. 8. DIAGON plot of murine (m) and human (h) nucleotide
sequences was done with a window of 20 and a stringency of 14.
Locations of UOG-1 and GDF-1 ORFs are shown by the solid and
stippled boxes,respectively. Numbers indicate nucleotide positions
in thousands.
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